A Medicago truncatula cDNA encoding a germin-like protein (GLP) was isolated from a suppression subtractive hybridization cDNA library enriched for arbuscular mycorrhiza (AM)-induced genes. The MtGLP1 amino acid sequence shows some striking differences to previously described plant GLP sequences and might therefore represent a new subgroup of this multigene family. The MtGlp1 mRNA was strongly induced in roots and root cultures colonized by the AM fungus Glomus intraradices. Whereas MtGlp1 is strongly induced in AM, no transcripts of the gene were detected in non-infected roots or in roots after infection with the oomycete root pathogen Aphanomyces euteiches or with Rhizobia. Increased phosphate levels during fertilization also could not stimulate MtGlp1 transcription. Hence, MtGlp1 induction seems to be an AM-specific phenomenon. In situ hybridization showed that MtGlp1 is localized in arbuscule containing cells. A putative orthologue of this AM-specific GLP gene could be localized in a second legume Lotus japonicus, indicating that the regulation of a member of the GLP family belongs to a conserved mechanism in AM regulation in different plant species.
Introduction
A large majority of plants have the capacity to supplement their mostly limited root-based phosphate supply by associating with arbuscular mycorrhiza (AM) fungi (Smith and Read 1997) . During this symbiosis, fungal hyphae, originating from extraradical mycelium or from germinated spores, colonize the root cortex of a host plant. In inner cortical cell layers, the fungus starts to form highly branched intracellular structures designated arbuscules. Both partners benefit from this endosymbiosis, the plant supplies significant amounts of carbohydrates to the fungal partner, whereas the fungal microsymbiont transfers mainly phosphorous but also other minerals to its host. Arbuscules have been shown to mediate the transfer of phosphorous from fungus to host plant (Harrison et al. 2002 , Rausch et al. 2001 . The development of arbuscules and colonization of up to 100% of a root system by AM fungi are likely to be controlled by a coordinate gene expression of both host plant and microsymbiont (Harrison 1999 ) and several studies have been done to identify plant and fungal genes which are involved in AM formation.
The AM symbiosis has its origins in the Devonian period, coincident with the emergence of terrestrial plants (Remy et al. 1994) . Thus, it can be anticipated that key mechanisms of molecular regulation during the AM symbiosis are conserved in different host plant species. Recently, a conserved mechanism for AM regulation has been identified in the two model legumes Medicago truncatula (Endre et al. 2002) and Lotus japonicus (Stracke et al. 2002) . Furthermore, legume mutants defective in AM and in symbiotic nitrogen fixation (SNF) indicate that the much later evolved root nodule symbiosis is regulated via some signal transduction pathways common for both symbioses (Duc et al. 1989 , Wegel et al. 1998 . Nevertheless, specific changes in root morphology, especially the formation of arbuscules, and the unique physiological condition during AM development suggest the existence of AM-specific regulatory pathways leading to a gene induction exclusively after AM development and not during other root-pathogen or symbiont associations. To date, however, only a few genes have been identified to be specifically AM induced; that is, the gene induction occurs exclusively after AM development and not during other root-pathogen or symbiont associations (Salzer et al. 1999 , Wulf et al. 2003 . AM-specific changes in the gene expression could be due to a direct effect of mycorrhization or indirectly induced by altered physiological conditions caused by AM, such as improved phosphate nutrition or changed phytohormone levels. The goal of our work is to identify genes which show an AM-specific induction. The characterization of these genes represents the first step towards an identification of conserved AM-responsive elements in plant genomes. In this report, we characterized a strongly mycorrhiza-induced gene of M. truncatula, which is not induced during root nodule symbiosis or during a pathogenic association. The unique features of the cDNA sequence and the identification of a putative orthologue of MtGlp1 in a second legume plant suggest an important role of the gene product during an AM symbiosis.
Results

Isolation of the MtGlp1 cDNA sequence
A subtracted cDNA library enriched with M. truncatula genes up-regulated after colonization with AM fungi was generated by suppression subtractive hybridization (SSH) (Diatchenko et al. 1996 , Wulf et al. 2003 . One clone of the library showed high similarities to plant germin-like protein (GLP) sequences. PCR using MtGlp1 specific primers and genomic DNA of M. truncatula from leaves of non-inoculated plants as well as genomic DNA of G. intraradices as template has shown that the gene is of M. truncatula origin (Fig. 1a) . Therefore, we named the corresponding gene in this study MtGlp1 according to the proposed M. truncatula nomenclature (VandenBosch and Frugoli 2001) .
The clone contained an insert of 888 bp, including a poly (A) end which indicated the 3¢ end of the cDNA. 5¢-RACE was done to obtain the 5¢ end of the cDNA. Cloning and sequencing of the 5¢-RACE product showed that the 888-bp insert sequence also contained the 5¢ end of the corresponding cDNA. Thus, the SSH-library clone corresponds to a full-size cDNA with an open reading frame of 624 bp. Comparison of the putative polypeptide encoded by this open reading frame revealed 36% identity to various plant GLPs including a GLP from pea, which is a putative receptor for the bacterial protein rhiceadhesin on plant root surfaces (Swart et al. 1994) . The deduced amino acid sequence of MtGlp1 was analyzed for protein sorting signals and localization sites using the PSORT analysis tool (Nakai and Kanehisa 1992) . A cleavable N-terminal signal sequence of 30 amino acids as well as a extracellular localization of the corresponding protein (certainty 0.82) were predicted. A comparison of the MtGLP1 amino acid sequence to the most similar GLP sequences of other plant species revealed unique features of the MtGLP1 (Fig. 1b) . Three conserved domains have been described for GLP sequences (Bernier and Berna 2001) . Whereas the conserved boxes B and C were found within the MtGLP1 sequence, box A which is located near the N-terminus does not seem to be present within MtGLP1. The conserved amino acid motif RGD/KGD has been observed in GLPs which have been described as receptor in the extracellular matrix. A VGD site which probably corresponds to this RGD/KDG tripeptide is present in the MtGLP1 sequence. ClustalW analysis indicated that MtGLP1 is significantly different from other M. truncatula germin-like sequences (Fig. 2) . Interestingly, MtGLP1 cannot be grouped into the GLP subfamilies which were suggested for Arabidopsis thaliana GLP sequences (Carter et al. 1998) . To include additional GLP sequences of M. truncatula to this analysis, tentative consensus (TC) sequences containing putative fullsize cDNAs with significant homologies to GLPs (e-value above 1e
-10 ) were identified from the TIGR M. truncatula gene index (MtGI 7.0 release 2003) . Most of these GLP-encoding TCs seem to belong to the three GLP subfamilies. This multiple sequence alignment study suggests that MtGLP1 might represent a member of a new subfamily of plant GLPs. 
MtGlp1 RNA accumulation in M. truncatula roots
To verify an AM-specific induction of MtGlp1, MtGlp1 RNA accumulation was analyzed not only in mycorrhizal plants but also in plants inoculated with a root pathogen or symbiotic Rhizobia. Plants were grown and inoculated either with Glomus intraradices, Sinorhizobium meliloti or with the pathogenic oomycete Aphanomyces euteiches. To analyze whether high phosphate nutrition stimulates MtGlp1 transcription non-inoculated plants were additionally fertilized with 200 times increased phosphate amounts. All plants were harvested after 3 weeks and roots were used for RNA extraction. At this timepoint, 8-15 nodules of more than 1 mm size were detected on plant roots inoculated with Rhizobia. Roots of A. euteichesinfected plants showed a clear root discoloration and oospores of the pathogen were detected within the root cortex by light microscopy. RNA of the four non-mycorrhizal plant sets was pooled and used to generate a SMART-cDNA representing cDNAs of these four conditions to equal parts. Amplified SMART-cDNAs of non-mycorrhizal roots and roots colonized by G. intraradices were separated on agarose gels and transferred to nylon membranes. Hybridization to the labeled cDNA fragment of MtGlp1 revealed a strong signal at about 900 bp size ( Fig. 3A) with the cDNA of mycorrhizal roots. No signal was detectable after hybridization to SMART-cDNA of nonmycorrhizal roots. MtEf1 encoding the translation elongation factor EF-1 alpha, was used as control for a constitutively expressed gene. In contrast to MtGlp1, the MtEf1-a gene expression was detectable in non-mycorrhizal and mycorrhizal roots to equal amounts. Because the SMART-cDNA of nonmycorrhizal roots was generated from an RNA pool of plants subjected to different treatments, the mycorrhiza-specific RNA accumulation of MtGlp1 was proved by semiquantitative RT-PCR. For this analysis, same amounts of RNA from plants of all treatments were reverse transcribed. Transcripts of MtGlp1 could be detected after amplification of cDNA from mycorrhizal roots (Fig. 3B) . No MtGlp1 transcripts were detectable after amplification of cDNA of the non-inoculated roots or in roots infected with the Rhizobia or the pathogenic oomycete. High phosphate nutrition also could not stimulate MtGlp1 transcript accumulation. These RNA accumulation studies indicate that the MtGlp1 transcript accumulation is mycorrhiza-specific with respect to the conditions analyzed. To analyze whether MtGlp1 is also induced in sterile in vitro mycorrhizae, consisting of root organ cultures colonized with G. intraradices, root cultures of M. truncatula were generated by Agrobacterium rhizogenes transformation. Sterile spores of G. intraradices were applied to root cultures and most of the spores germinated within 1 week of co-culture. After 4 weeks of inoculation, the external mycelium had explored the whole root culture and new spores were produced. RNA was isolated from of non-infected and mycorrhizal root cultures, transcribed into cDNA and used as template for RT-PCR. Specific amplification products could be obtained only by use of RNA from mycorrhizal root culture, whereas amplification products were not detectable after RT-PCR with RNA from non-mycorrhizal root culture (Fig. 3C) .
Localization of MtGlp1 transcripts
In situ hybridization experiments were carried out to localize MtGlp1 transcripts in mycorrhizal roots of M. truncatula. When root sections were hybridized to MtGlp1-sense RNA, arbuscule were visible as light brown structures within cortical cells, but no hybridization signals were detectable (Fig.  4A) . Hybridization to the anti-sense MtGlp1-RNA revealed strong signals in arbuscule containing cells (Fig. 4B) . Cells which were not colonized by fungal structures showed no hybridization signals.
Localization of an MtGlp1 orthologue in Lotus japonicus
To prove whether the mycorrhiza-specific induction of a member of the GLP family is conserved in different legume species, sections of L. japonicus roots colonized by G. intraradices were hybridized with labeled MtGlp1 RNA (Fig. 5) . A putative orthologue of MtGlp1 could be localized in L. japonicus roots in arbuscule containing cortical cells after hybridization to the heterologous MtGlp1-antisense probe (Fig. 5B ). Sections hybridized with the sense RNA probe did not show hybridization signals (Fig. 5A) .
Discussion
GLPs constitute a large family of proteins (Membre et al. 2000 , Bernier and Berna 2001 , Druka et al. 2002 . Contrary to true germins, GLPs represent a very heterogeneous group of proteins, which are present in all angiosperm families. Amino acid identities range among different GLPs from about 30% to almost 100% (Carter et al. 1998 ). Here we describe the identifi- cation of an AM-specific expressed member of the GLP family of M. truncatula.
As proven by cDNA hybridizations and RT-PCR, MtGlp1 was expressed in roots only when they were colonized by the AM fungus G. intraradices. Since induction of MtGlp1 also took place in hairy root cultures colonized by G. intraradices, its expression is not a secondary effect of the mycorrhiza inoculum or pot system used. Electronic data further strengthen the AM-specific transcription of this gene: the M. truncatula gene index (MtGI) contains 190,000 EST sequences (MtGI release 7.0) from a wide range of cDNA libraries including several libraries obtained from AM tissues. ESTs which were found to match the MtGlp1 cDNA are originating exclusively from these AM cDNA libraries. This phenomenon does not only support the mycorrhiza-specific transcription of MtGlp1, it also indicates that this gene can be supposed to be an AM-specific marker gene, since MtGlp1 transcripts have also been found in cDNA libraries originating from roots infected with other AM fungi than G. intraradices. Hence, the MtGlp1 induction seems not to be a specific phenomenon of the interaction between M. truncatula and G. intraradices.
Although GLPs are encoded by large multigene families and have been described to be expressed in a wide variety of plant tissues, the function of the various members of the GLP family in plants is still unclear. Some GLPs have been suggested to have enzymatic activities, because some true germins from Gramineae display oxalate oxidase activity, i.e. they degrade oxalic acid into H 2 O 2 and CO 2 . Two GLPs have been identified as superoxide dismutases (Yamahara et al. 1999, Carter and Thornburg 2000) . If MtGlp1 would posses such enzymatic activities, it could account for the H 2 O 2 accumulation observed in roots colonized by AM fungi (Salzer et al. 1999) . But up to now, most attempts to find oxalate oxidase/ superoxide dismutase activity for GLPs of dicotyledonous plants were negative Thornburg 2000, Ohmiya et al. 1998) .
Beside these attempts to identify GLP enzymatic activities, various expression studies have been carried out. The expression of some GLPs was shown to be correlated with the reorganization of cell wall complexes after pathogen attack or different abiotic stress stimuli (Wei et al. 1998 , VallelianBindschedler et al. 1998 .
One of the GLPs isolated from Pisum sativum, a receptor for rhicadhesin, an attachment protein of Rhizobiaceae. Other GLPs have been suggested to represent counterparts of animal adhesion proteins that interact with membrane proteins mainly through an RGD tripeptide (Bernier and Berna 2001) . This tripeptide is not conserved in MtGLP1 where the sequence VGD is found instead (Fig. 1b) . Hence, it is possible that some GLP represent receptors localized in the extracellular matrix, but whether or not MtGLP1 belongs to this group cannot be determined at present. MtGlp1 can be regarded as a marker gene for AM but a discussion about its putative function during AM development is very speculative.
The deduced MtGLP1 amino acid sequence showed some characteristic features of GLP: a putative 30 amino acid Nterminal signal sequence could be identified and two of the three conserved polypeptide stretches (box B and C) could be localized within the MtGLP1 sequence. These two boxes contain the three histidine and the glutamate residue involved in metal binding as described for some GLPs (Carter and Thornburg 2000 , Requena and Bornemann 1999 , Yamahara et al. 1999 , but one of the most striking differences to most other plant GLP sequences is the lack of the conserved polypeptide box A. Moreover, comparison of the MtGLP1 amino acid sequence to the corresponding sequences of other plant GLPs showed, that MtGlp1 is significantly different from other GLPs and it cannot be grouped in one of the subfamilies that were suggested for Arabidopsis thaliana GLP sequences (Carter et al. 1998 ). Most of these M. truncatula GLP sequences could be clearly classified as members of the subgroups 1-3. This result further indicates that up to know, no MtGlp1 corresponding sequence was found in A. thaliana, not surprisingly, since A. thaliana is not capable of forming an AM association. A similar phenomenon of a mycorrhiza-specific gene family member that is significantly different from other members of the corresponding gene family was described recently for MtPT4, a mycorrhiza-specific phosphate transporter (Harrison et al. 2002) .
In situ hybridization showed that transcripts of MtGlp1 are localized in arbuscule-containing cells. Additionally, MtGlp1 was used as heterologous probe in order to detect a putative orthologue of MtGlp1 gene in another legume plant. We used L. japonicus, which is currently regarded as a further model legume (Handberg and Stougaard 1992) , but no MtGlp1 homologue from L. japonicus has been sequenced yet. Strong hybridization with MtGlp1-antisense RNA was detected in L. japonicus root cortical cells containing arbuscules. This result indicates that the M. truncatula and L. japonicus AM-induced GLP members show significant homologies and share similar functions in an AM and might therefore regarded as orthologous genes. Thus, the expression of a GLP gene with unique features among the GLP family may be a conserved feature of arbuscular mycorrhizae.
Materials and Methods
Plant material and inoculation
Three-day-old seedlings of M. truncatula Gaertn. cv. Jemalong were planted into pots (12 cm) and grown under constant conditions (220 mE m -2 s -1 for 16 h; 22°C; 65% humidity). A 1 : 1 mixture of vermiculite and expanded clay were used as substrate. Inoculations with G. intraradices were carried out with a commercial available inoculum (BIORIZE Sarl, Dijon, France). Plants were fertilized with 0.5H oagland solution (Hoagland and Arnon 1950) . Leaves and roots were harvested, root samples were stained with ink (Vierheilig et al. 1998) , and mycorrhiza parameters were calculated following the method of Trouvelot et al. (1986) . Inoculations with Aphanomyces euteiches were done according to the protocol of Kjoller and Rosendahl (1998) . Seed-lings were inoculated with Sinorhizobium meliloti wild type 1021 by adding 100 ml of a 100-fold diluted over night culture of the bacteria to 1 liter of substrate.
Root cultures of M. truncatula were produced as described in Boisson-Dernier et al. (2001) , with modification of the M-Medium as described by Karandashow et al. (2000) . Inoculations of the root cultures with G. intraradices were carried out with a commercial available spore solution of G. intraradices (Premier Tech Biotechnologies, Quebec, Canada) . For AM inoculation, 1,000 sterile spores were applied onto root cultures. Genomic DNA of G. intraradices was isolated from spores (Premier Tech Biotechnologies; Quebec, Canada) with the Qiagen (Hilden, Germany) DNeasy Plant Mini kit.
Isolation of RNA and SMART-cDNA synthesis
RNA was extracted 21 d after inoculation from all samples using the LiCl precipitation-based protocol of Franken and Gnädinger (1994) . Five mg of total RNA were used to produce SMART-cDNA with the SMART-PCR cDNA synthesis kit from Clontech (Clontech, Palo Alto, U.S.A.).
Virtual Northern hybridization
After amplification, 1 mg of SMART-cDNA was separated on 1% agarose gels, blotted onto nylon membranes and hybridized to Digoxygenin-labeled cDNA fragments. Digoxygenin-labeled cDNA probes were synthesized by amplification of cloned cDNA sequences using the PCR-Digoxygenin-labeling mix (Roche Diagnostics Corporation, Mannheim, Germany). Filters were hybridized and signals were detected according to the supplier's protocol.
5¢-RACE
First strand SMART-cDNA synthesized from M. truncatula roots 3 weeks after inoculation with G. intraradices was used as template to amplify the 5¢cDNA end of MtGlp1. One gene specific oligonucleotide (5¢-3¢: CAA CAA AGA GTA GTT CAG CTG AAC G) and the SMART II oligonucleotide (Clontech, Palo Alto, U.S.A.) were used to amplify the specific 5¢ end of MtGlp1 using 1 ml SMART first strand cDNA and 10 mM primer concentration, 200 mM dNTPs and 2 U Advatage2 polymerase (Clontech, Palo Alto, U.S.A.) in a total volume of 50 ml. PCR products were cloned into pGEM-Teasy vector (Promega, Madison, U.S.A.) and nucleotide sequence was determined (MWG-Biotech, Ebersberg, Germany).
Amplification of genomic DNA
Genomic DNA of M. truncatula was extracted following the method of Dellaporta et al. (1983) . Ten ng of DNA were used for amplification using the MtGlp1 specific primers (MtGlp1for GTC CAT GCG CCC CTA GGT T and MtGlp1rev CAC CAT TGT AGT CAG AAC TTT CGG) at 60°C.
RT-PCR
Roots were harvested 3 weeks after inoculation and used for RNA isolation.
Five mg of total RNA were treated with DNase (Bauer et al. 1993 ) and used for cDNA synthesis with an oligo(dT) 15 as primer in 20 ml volume following the protocol of the supplier of the MMLVreverse transcriptase (Promega, Madison, U.S.A.). The resulting cDNA was diluted 1 : 10 in water and 1 ml was directly used for PCR in 20 ml volume with 1 U Taq polymerase (Sigma, Deisenhofen, Germany), 200 mM dNTPs and 1 mM of the respective primers. RT-PCR with MtGlp1-specific primers (MtGlp1for GTC CAT GCG CCC CTA GGT T and MtGlp1rev CAC CAT TGT AGT CAG AAC TTT CGG) at 60°C. As constitutively expressed control, fragments of the translation elongation factor 1 alpha (MtEF1) were amplified using MtEF1-specific primers (MtEF1for CAA TGT GAG AGG TGT GGC AAT C and MtEF1rev GGA GTG AAG CAG ATG ATC TGT TG).
Amplifications were carried out on the Biometra TrioThermoblock for 5 min at 95°C followed by 30 cycles (30 s at 94°C, 30 s at the specific annealing temperature and 30 s at 72°C) and a final extension for 5 min at 72°C. Amplification products were directly analyzed by electrophoresis in a 2% agarose gel.
In situ hybridization M. truncatula plants were grown as described above and harvested seven weeks after inoculation with G. intraradices to obtain the maximal root colonization. Mycorrhizal root fragments were fixed with 3% (w/v) paraformaldehyde in PBS (135 mM NaCl, 3 mM KCl, 1.5 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 , pH 7.2). After dehydration through a graded ethanol series, material was embedded in Paraplast (Sigma, Deisenhofen, Germany). Longitudinal section (8 mm thick) were mounted on poly-L-lysine-coated slides, deparaffinesed and rehydrated. After washing with 10 mM Tris-HCl (pH 8.0), sections were incubated for 15 min with 1 mg ml -1 Proteinase K (in TE) at 37°C, followed by an incubation for 1 h with 1% bovine serum albumin in 10 mM Tris-HCl (pH 8.0). After acetylation, sections were dehydrated through a graded ethanol series and air-dried. The full-length cDNA clone encoding MtGlp1 in pGEM-Teasy (Promega, La Jolla, U.S.A.) was either treated with BcuI and transcribed with T7-RNA-Polymerase (antisense probe) or digested with NcoI and transcribed with SP6-RNA-Polymerase (sense probe). For hybridization, sense or anti-sense RNA was DIG-labeled using in vitro transcription according to the protocol of Roche Diagnostics. Root sections were hybridized in a humid box at 45°C overnight with a solution of 0.3 M NaCl, 10 mM Tris-HCl (pH 7.5), 5 mM EDTA, 1´ Denhardt¢s solution, 50% formamide, 2 mg liter -1 tRNA and 200 U ml -1 RNase inhibitor containing denaturated sense or antisense probe. After three washing steps sections were treated with RNase A at 37°C for 30 min and washed again. Immunological detection of DIG-labeled RNA hybrids was performed with an anti-DIG-fragment coupled with alkaline phosphatase (Roche Diagnostics) according to supplier's protocol, with nitro-tetrazolium blue and 5-bromo-4-chloro-3-indolyl phosphate in the presence of 10 mM levamisol. Hybridized sections were analyzed by bright-fired microscopy using a Zeiss "Axioskop" (Zeiss, Jena, Germany). Pictures were taken with a CCD-camera (Sony, Tokyo, Japan) and processed through the Photoshop 4.0 program (Adobe, Seattle, U.S.A.).
In situ hybridization of L. japonicus sections were done as described above with cross-sections of roots harvested 2 weeks after inoculation with G. intraradices bright-field photomicrographs were taken with Axiovert35 (Zeiss).
Multiple amino acid sequence alignments
GLP-amino acid sequences were aligned using ClustalW (Jeanmougin et al. 1998 ) at the EMBnet ClustalW server (http:// www.ebi.ac.uk/clustalw). Of the aligned amino acid sequences, 3¢ and 5¢ extremities as well as gap columns were removed and the remaining sequence block was used to calculate a tree by the Neighbor Joining method. An unrooted tree was drawn using the drawtree program of the software package Phylip (Felsenstein 1989) at http:// bioweb.pasteur.fr/seqanal/phylogeny/phylip-uk.html.
World Wide Web sites for sequence and analysis programs
The TIGR M. truncatula gene index (MtGI, http://www.tigr.org/ tdb/mtgi) was used to identify TC sequences of M. truncatula GLPencoding putative full-size cDNAs. The N-terminal sequences were identified using the PSORT (http://psort.nibb.ac.jp/) protein sorting predication tool (Nakai and Kanehisa 1992) . The cDNA and amino acid sequences were analyzed by BLAST homology searches of the GenBank (Altschul et al. 1997) .
